Abstract: The
The Andes are one of the largest active plate-boundary zones, forming a mountainous region which extends for over 5000 km along the western margin of South America (Fig. la) as a result of the subduction since the Cretaceous of the oceanic Nazca (or formerly Farallon) plate beneath the South American plate (Dewey & Bird 1970; Pardo-Casas & Molnar 1987) . They show marked variation in tectonic style and evolution along their length, as well as several major changes in trend.
The Andes are highest and widest in the Central Andes of northern Chile and Bolivia, where the present-day relative plate convergence is roughly E N E -W S W at c. 85 m m a -1 (Fig. 1 , DeMets et al. 1990) . Here, there is a pronounced bend (Arica bend) in both the structural and topographic trends, which swing round from c. NW-SE, north of the bend, to c. N-S further south (Fig. l a) . An active volcanic arc follows the western margin of the high Andes, and there is a zone of Cenozoic magmatism east of the arc, up to several hundred kilometres wide. Also, in this part of the Andes, there are thick continental sedimentary sequences, deposited during the Cenozoic tectonic evolution. The region is well populated and easily accessible. For all these reasons, this is an extremely good place to study the development of wide zones of continental deformation.
We describe here the tectonic evolution since the Cretaceous of the Central Andes in northern Chile and Bolivia, based mainly on our own extensive field work, unpublished oil company data, and new geochronological, geochemical and palaeomagnetic data.
Physiographic and geological provinces
The Andes between 16°S and 23°S form a wide region up to 800km wide and reaching elevations over 6000 m, bounded in the east by the Peru-Chile trench and in the west by the Amazon basin and Chaco plains (Fig. 1) . Topographic cross-sections (Fig. lb) show that in detail there are several distinctive physiographic provinces. These provide a convenient way of describing the geology, because the tectonic evolution of each province has been generally distinct (Figs 1 & 2) . Crustal-scale cross-sections through the Bolivian Andes are shown in Figures lc and 3. Beck et al. in press) . Light shading defines original crustal thickness (c. 35 km) and dark shading shows the crustal thickening.
F o r e l a n d a n d S u b a n d e s
The foreland region along the eastern margin of the Central Andes, in the Amazonian basin and Chaco plains, is generally at an altitude of a few hundred metres above sea level (Fig. lb) . This is underlain by the Brazilian Shield, which has been a stable nucleus of South America since the Proterozoic (Litherland et al. 1986) , and overlain by up to 5km of Neogene sediments immediately east of the Andes in a foreland basin about 200 km wide (Fig. 3 , unpublished oil company data). The topography increases towards the west in the foothills of the Andes, referred to as the Subandean Zone, which is about 100km wide and reaches altitudes over 1500 m, dominated by major valleys and ridges which follow the general structural grain (Fig. lb) . The valleys follow synclines of Cenozoic sediment, separated by faulted anticlinal ridges of older Mesozoic and Palaeozoic sequences (Figs 2 and 3). Seismic refraction (Wigger et al. 1993) and reflection data (unpublished oil company data) shows that the Subandes are part of a thin-skinned fold and thrust belt accommodating shortening above a basal d6collement at a depth of 7-10 km and dipping at 2-3 ° towards the west and southwest (Fig. 3) . The Brazilian Shield has been underthrust beneath the Subandean Zone and Eastern Cordillera.
E a s t e r n C o r d i l l e r a
West of the Subandean Zone, the mountains rise progressively to altitudes over 4000m, in a region referred to as the Eastern Cordillera. This is up to 200 km wide and made up mainly of thick (up to 10km) sequences of Palaeozoic flysch-like deposits, with thin (<3 km) infolded Cretaceous and Cenozoic sequences. The most westerly parts of the Eastern Cordillera form a high spine, referred to in the north as the Cordillera Real and Quimsa Cruz (Fig. 2) , rising to over 6000 m where Palaeozoic, Triassic and possibly Cenozoic intrusive granitoid bodies outcrop. There is a marked change in vergence of structures east and west of the central part of the Eastern Cordillera. In the west, vergence is mainly towards the west, whereas in the east vergence is towards the east (Fig. 3) . In the bend region, at c. 17.5°S, a series of Plio-Pleistocene basins occur within the Eastern Cordillera. These are bounded by ESE-trending normal faults with a sinistral strike-slip com-
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II Eastern II Cordillera Fig. 3 . Composite crustal-scale geological cross-section through the Bolivian Andes (see Fig. 2 ), based mainly on unpublished oil company data. The principal features are the presence of thick Neogene sedimentary basins in both the Subandes and Foreland, and also the Altiplano region. Note the marked changed in vergence of structures east and west of the central part of the Eastern Cordillera. Precambrian basement has been underthrust beneath the Subandean Zone and Eastern Cordillera, and also outcrops on the western margin of the Altiplano (Troeng et al. 1994) . A zone of distributed ductile deformation may occur at depth beneath the Altiplano.
ponent which comprise the Cochabamba Fault System (Fig. 2, Dewey & Lamb 1992; Kennan 1994; Kennan et al. 1995) .
A l t i p l a n o
The Altiplano forms a c. 200 km wide region of subdued relief, west of the Eastern Cordillera, at an average altitude of c. 3800 m (Figs lb & 2) . It is the second largest high plateau region, after Tibet, on Earth, and is essentially a region of internal drainage. Near La Paz the drainage has locally broken through to the Amazon basin. The vast salars of Uyuni and Coipasa, and also Lake Poopo, are the remnants of once extensive Pleistocene lakes (Servant & Fontes 1978) . The Altiplano has been an important locus of sedimentation, where thick sequences of redbeds have accumulated in the Cenozoic (Figs 2 and 3).
W e s t e r n Cordillera a n d F o r e a r c
The Western Cordillera is the active volcanic arc along the international border between Bolivia and Chile, and consists of spaced Miocene and Quaternary andesitic volcanoes and small volcanic centres which have erupted through a poorly known sequence of Cenozoic, Cretaceous and older rocks (Figs 2 and 3). Volcanic cones rise over 2000 m above the general land surface, reaching elevations over 6000 m. The western margin of the high Andes comprises the Precordillera of northern Chile, which consists mainly of Precambrian basement rocks and Mesozoic sedimentary sequences and Cenozoic intrusive and extrusive rocks. A major fault system, which extends for hundreds of kilometres along the Precordillera and further south (Cordillera Domeyko), appears to have accommodated both sinistral and dextral stikeslip during the Cenozoic (Mpodozis et al. 1993; Reutter et al. 1993) . The Precordillera slopes from c. 4000 m to an altitude of c. 1000 m, in a region mantled by Miocene ignimbrites (Figs 2 & 4a) . The foot of this ignimbrite slope is a fiat region of younger Cenozoic deposits in the central depression of northern Chile (Figs 2 & 4a) . The Atacama fault, which extends for hundreds of kilometres along the coastal parts of northern Chile as a high angle fault with a normal dip-slip component of motion, forms the western margin of this depression, separating it from the narrow coastal ranges which rise up locally to over 2000 m (Figs 2 & 4a) . A zone of Cenozoic thrusting occurs south of 22°S in the Salar de Atacama region (Jolley et al. 1990, Fig. 2).
West of the coastal ranges, the topography slopes below sea level in the Pacific Ocean down to depths of 6 km in the Peru-Chile trench about 75km off-shore, forming a deformed crustal prism (Fig. lb) .
Lithospheric structure
The lithospheric structure of the Central Andes can be constrained by both geophysical data (seismicity and gravity), and also geochemical evidence. In particular, a study of the helium isotopic signature of geothermal areas places constraints on processes near the base of the lithosphere. Figure 5a shows the epicentres of all earthquakes between 1964 and 1992 in the Central Andes between 10°S and 35°S, shallower than 70 km and magnitude Mb > 4.0. The clear coincidence between the shallow seismicity and the topographic expression of the Central Andes, shows that the Central Andes are an actively deforming mountain belt. A projection of both shallow and deep focus earthquakes on to an east-west vertical cross-section in the vicinity of 20°S (Fig. 5b) shows that the bulk of the seismicity defines a Benioff zone which dips below the western margin of South America at c. 30 °, reaching depths greater than 600 km (Figs 1 & 5b) . However, south of 27°S and north of 15°S, the Benioff zone flattens markedly, associated with gaps in the volcanic arc.
Seismicity and gravity
Studies of seismicity, gravity and topography in the Bolivian Andes show that the crustal thickness beneath the Altiplano is up to 75 km thick ( Fig. la and 1993; Dorbath et al. 1993; Zandt et al. 1994; Beck et al. 1996) , and thins both east and west towards regions of normal continental crustal thickness of c. 35km in the Chilean forearc region and the Brazilian shield. However, there are also marked isostatic gravity anomalies. A negative isostatic anomaly east of the Subandean Zone suggests an excess of low density material, whereas a positive anomaly in the Subandean Zone and Eastern Cordillera suggests an excess of high density material (LyonCaen et al. 1985; Watts et al. 1995) . This positive -negative coupling of isostatic gravity anomalies is characteristic of regions where the lithosphere has marked flexural rigidity. Detailed modelling suggests a flexural rigidity for the lithosphere equivalent to an elastic thickness greater than 50 km in the bend region, decreasing to less than 25 km both north and south (Watts et al. 1995; Whitman 1995) . Thus, the region of flexurally strongest lithosphere coincides with the old and 'cold' Brazilian Shield, where the base of the lithosphere might be expected to be at depths greater than 200 km (c. 1200°C isotherm). The simplest interpretation is that this shield area has been underthrust beneath the Subandean Zone in the bend region of the Bolivian Andes and is providing flexural support for the topographic load of the Andes in the Subandean Zone and at least part of the Eastern Cordillera. Flexing of the lithosphere has also created a foreland basin up to 5km deep and up to two hundred kilometres wide (unpublished oil company data) along the eastern margin of the Central Andes (Fig. 3) .
H e l i u m i s o t o p e studies
Information about the lithospheric structure also comes from a study of helium emitted in geothermal springs. A recent helium isotope study right across the Central Andes in Bolivia and northern Chile (Hoke et al. , 1994b has documented an elevated 3He signature, greater than that typical for crustally derived helium. This zone extends for up to 400km from the Precordillera in the west, across the active volcanic arc and the Altiplano high plateau region to the western part of the Eastern Cordillera (Fig. 6a) . In the absence of significant crustal sources of 3He, the most likely sources for the 3He are mantle melts present at depth. Therefore, the elevated 3He signature maps an extensive area of active mantle melt generation and concomitant subsurface basalt addition to the Andean crust (Hoke et al. , 1994b , in a region where the crust is up to 75 km thick and the subducting slab is at depths of 100-350 km (Fig. 6b) . Mantle melting is also suggested by the rare presence of small young olivine-bearing basaltic andesite volcanic centres throughout the Altiplano (Fig. 6a) , with ages less than c. 5 Ma (Hoke & Lamb, unpublished data) . Hoke et al. (1994b) interpreted the elevated 3He signature in the volcanic arc to be a consequence of melting in the convecting asthenospheric mantle wedge between the subducting slab and overlying lithosphere, where dehydration of the downgoing slab may hydrate the overlying mantle and cause melting if temperatures are greater than ll00°C (see also Davies & Bickle 1991) . This model explains sustained arc volcanism over tens of million years and implies that the base of the lithosphere beneath the arc is much shallower than the depth to the Benioff zone here (<120 km). A different mechanism of melting to that for arc volcanism is required to explain the presence of mantle melts at depth beneath both the Altiplano and western parts of the Eastern Cordillera (see discussion below). However, as both the observed 3I-Ie signature and topography are broadly constant right across the width of the Altiplano and into the Eastern Cordillera (Fig. 6b) , it is suggested here that the zone of thin lithosphere beneath the arc (<120 km thick) extends beneath the Altiplano and western part of the Eastern Cordillera where there is a significant mantle-derived contribution to the helium isotope signal (Hoke etal. 1994b; Hoke & Lamb 1994; Fig. 6b) .
We interpret the transition to pure crustal helium isotope ratios in the Eastern Cordillera to mark the change to a thicker lithosphere (>200 km) and the western limit of underthrusting of the flexurally-strong Brazilian Shield beneath the Eastern Cordillera, defined by the gravity data (Fig. 6b) . Thus, our proposed lithospheric structure for the Bolivian Andes, with a wide zone of thinned lithosphere beneath the Altiplano and western part of the Eastern Cordillera, is similar to that previously proposed for the Bolivian Altiplano (Isacks 1988) , but differs from the model of Whitman et al. (1992) based on seismic data.
Cenozoic basin evolution and deformation
Since the Cretaceous, the Andes in northern Chile and Bolivia have essentially formed part of a convergent plate margin, with the subduction of the oceanic Nazca plate (or Farallon plate) beneath the South American continent (PardoCasas & Molnar 1987) . It is likely that this type of plate margin existed prior to the Cretaceous as well (Coira et al. 1982; Flint et al. 1993) .
The stratigraphy and distribution of both Cretaceous and Cenozoic sedimentary basins, as well as Cenozoic intrusive and extrusive bodies, place constraints on processes occurring at the surface and deeper in the lithosphere. A composite crustal cross-section through the northern part of the Bolivian Andes shows the overall style of deformation and the location of the two principal regions of Cenozoic sedimentation in the Subandean and foreland regions and the Altiplano (Fig. 3 ). In the following sections, the structure and stratigraphy of sedimentary rocks are used to reconstruct the Cenozoic evolution of sedimentary basins and related deformation. The distribution of deformation and sedimentation, both in time and space, for a generalized east-west transect across the Andes in northern Chile and Bolivia at the latitudes 16°S to 22°S, is summarized in uplifting Eastern Cordillera and the volcanic arc and received sediment for most of the Cenozoic. Also, Cenozoic sequences were deposited in local fault-bounded compressional basins within the Eastern Cordillera, and in a series of foreland basins further east. Formation names used in the following sections are those adopted by the Bolivian Geological Survey in their 1 : 100 000 and 1 : 250 000 geological map series.
Pre-Cretaceous, Cretaceous and early Palaeocene
The backbone of most of the Bolivian Andes, especially in the Eastern Cordillera, consists of sequences of deformed Ordovician and Silurian flysch deposits, many kilometres thick. There is evidence for significant pre-Cretaceous deformation, but the nature and tectonic setting of this deformation is not well understood. The volcanic arc in the Cretaceous was in the present-day forearc of northern Chile (Fig. 8; Campusano 1990 ). There is a marked angular unconformity at the base of the Cretaceous in the Eastern Cordillera and Altiplano in Bolivia. Open to tight folding, with limb dips up to 50 °, a weak axial planar cleavage and extensive quartz veining are found in Palaeozoic flysch deposits beneath the Cretaceous throughout the Eastern Cordillera (for instance in the Cochabamba, Potosi and Camargo regions). They are truncated by Cretaceous conglomerates (La Puerta and Angostura Formations). The metamorphic grade of pre-Cretaceous rocks suggest that at least 5 km of pre-Cretaceous rocks were stripped off by erosion prior to Cretaceous deposition.
From fossil evidence (summarized in Riccardi 1988), most of the Cretaceous in Bolivia above the basal conglomeratic beds is Cenomanian and younger. Isopach maps of the Cretaceous sequences in Bolivia define a general depocentre near the western margin of the Eastern Cordillera ( Fig. 8 ; unpublished oil company data). In detail, there are two sub-basins, referred to as the Sevaruyo and Maragua basins, where Cretaceous sequences are up to 3 km thick (Riccardi 1988; Rouchy et al. 1993; unpublished oil company data), separated by a local 'high' that coincides with the southern extension of the Cordillera Real along the western margin of the Eastern Cordillera (Fig. 8) . Local mafic volcanism, including pillow lavas, could be associ- 
I8°S ~~ 20°S 22°S
~, n t o~ ated with a small amount of lithospheric extension concomitant with subsidence of the Cretaceous basin (Soler & Sempere 1993 (Hartley et al. 1992; Flint et al. 1993) . Interestingly, the general axis of the Cretaceous basins in the Eastern Cordillera coincides with the region of most intense preCretaceous shortening, where angular truncations at the Cretaceous unconformity are greatest.
P a l a e o c e n e to O l i g o c e n e
The volcanic arc in the Palaeocene and Eocene followed what is today the Precordillera in northern Chile (Figs 9 and 10, Campusano 1990 ). However, the apparent lack of arc volcanics in the age range 25Ma to 35Ma (Lahsen 1982; Campusano 1990) , suggests that arc volcanism may have been limited in the Oligocene. This region also appears to have been the locus of deformation (Hartley et al. 1992) . North-south horizontal shear has been described from the Cordillera Domeyko (Mpodozis et al. 1993 ) and the Chilean Precordillera further north (West Fissure System, Reutter etal. 1993 ) in what appears to be a major arc-parallel fault zone extending for hundreds of kilometres. However, the large-scale kinematic significance of this fault zone is unclear, and Reutter et al. (1993) describe Eocene dextral strike-slip and Oligocene sinistral strike-slip motion, whereas Mpodozis et al. (1993) describe the converse with Eocene sinistral strike-slip and Oligocene dextral strike-slip motion. The total Cenozoic displacements across this fault zone have yet to be quantified.
There is evidence for Eocene deformation in a narrow zone much further east along what is today the western margin of the Eastern Cordillera. Here, in the Cordillera Real, both K / A r mica ages (McBride et al. 1987; Farrar et al. 1988 ) and fission track apatite and zircon ages (Benjamin et al. 1987) indicate rapid cooling at ca. 40 Ma. Also, Farrar et al. (1990) document evidence for folding of the Cordillera Real between the youngest K/Ar resetting age of muscovite (c. 60 Ma) and biotite (c. 39 Ma). A fission track zircon age of 38 Ma from the Quimsa Cruz batholith, at the southern end of the Cordillera Real, also suggests Eocene cooling (Lamb & Hurford unpublished data) . Marocco et al. (1987) describe folding on the western margin of the southern Eastern Cordillera which may be Palaeocene in age, though the field relations and dating are not conclusive.
Evidence for uplift at this time also comes from the Cenozoic sedimentary record in both the Altiplano region and Eastern Cordillera. Fossiliferous Cretaceous limestones (El Molino Formation, Gayet et al. 1991) and Palaeocene lacustrine deposits (Santa Lucia Formation, Gayet et al. 1991; pass conformably into thick red-bed sequences (Fig. 9 , Cayara, Tusque, Camargo and Potoco Formations). For instance, in the Camargo area of southern Bolivia, this transition can be traced along strike for over a hundred kilometres and is perfectly conformable. The basal part of the red-bed sequence (Santa Lucia Formation) consists of red siltstones with thin medium sandstone interbeds. Only c. 150m stratigraphically above the Maastrichtian limestones, conglomerates and thick coarse sandstones are well developed (Fig. 9 , Camargo Formation). Similar transitions can be found further north near Torotoro, and also near Cochabamba (Kennan 1994) , and also in the Altiplano near Corque, Tambo Tambillo and Tambo Colorado (Figs 2, 9 & 10). The sediment source regions for these red-bed sequences can be defined with some precision from the pattern of sediment transport directions. The centre of the Cretaceous to Palaeocene basin was inverted, so that the deepest part formed a narrow uplifting region (protocordillera) in the Eocene (Figs 8 & 10) , which shed sediment both to the east and west. The eastern sedimentary basins, outcropping between Cochabamba and Camargo, and further south, formed the foreland basin for the Bolivian Andes at this time, accumulating up to a kilometre of sediment derived from the west (Fig. 9) . The proto-cordillera developed as a narrow isolated range in what is today the western part of the Eastern Cordillera, separated from the active volcanic arc by a region several hundred kilometres wide in Bolivia (Fig.  10) . Thus, the intervening region formed a large intermontane basin which is now preserved in the Altiplano region of the Bolivian Andes. Near Tambo Tambillo and Corque in the central Bolivian Altiplano, up to 5 km of Early Cenozoic continental sediments (Fig. 9 , Tusque, Potoco, Tihuanaco, Huayllamarca and Turco Formations), transported partly from the Eastern Cordillera, were deposited in what appears to be the main depocentre of the Altiplano basin.
Late Oligocene to Early M i o c e n e
Undeformed Early Miocene ignimbrites (Baker & Francis 1978) show that north of the latitude 22°S, significant shortening deformation in northern Chile ceased in the Early Miocene, though relative uplift of the Western Cordillera continued. South of 22°S, these ignimbrites have been internally shortened in a thrust belt (Jolley et al. 1990 ). The first appearance of thick coarse conglomeratic sequences in the Altiplano region occurred at c. 25 Ma (Kennan et al. 1995; Lamb unpublished data) . These conglomerates (Azurita Formation) can be traced throughout the central Altiplano in a region extending at least 200km in a N-S direction (Fig. 9) . However, there is marked variation in provenance for these conglomerates. The eastern outcrops, such as those near Corque, consist of Palaeozoic and Mesozoic clasts from the Eastern Cordillera. Further west, the clasts in the conglomerates consist mainly of metamorphic and igneous clasts derived from the west. The metamorphic clasts are similar to Precambrian basement rocks, currently outcropping in the Western Cordillera and Precordillera of northern Chile (Troeng et al. 1994 ). In the centre of the Altiplano basin, near Corque and Tambo Tambillo, these conglomerates are conformable with the underlying early Cenozoic succession. However, both to the east and west, there is evidence for a marked angular unconformity. The angular unconformity, overlain by conglomerates rich in metamorphic clasts, is exposed between the Uyuni and Coipasa salars (Eduardo Soria-Escalante pers. comm. 1993). Further east, near Lake Poopo, an angular unconformity is imaged in seismic reflection profiles (unpublished oil company information). The prominent reflector immediately above this unconformity may be equivalent to or very slightly younger than the c. 25 Ma conglomeratic horizons outcropping further west. Beneath the unconformity, sequences are folded and thrusted (Fig. 3) .
The prominent angular unconformity and deposition of thick conglomeratic sequences, described above, indicates significant shortening throughout much of the Altiplano in the latest Oligocene and Early Miocene, while deposition continued in the central part of the basin. This coincides with fission track evidence for rapid cooling in the Quimsa Cruz pluton, on the western margin of the Eastern Cordillera between 27 and 22 Ma (Lamb & Hurford, unpublished data) . The distribution of Oligo-Miocene sedimentary sequences in the Bolivian Eastern Cordillera shows that local fault-bounded compressional basins also formed at this time, which locally lie with angular unconformity on older sequences. For instance, the red-bed sequences in the Salla basin on the western margin of the Eastern Cordillera were deposited between c. 30 Ma and 22 Ma , and sequences near Tupiza are this age too (Fig. 2, Tupiza Formation, Herail et al. 1993b ).
An important event in the Altiplano at c. 24 Ma (Hoke et al. 1994a; Kennan et al. 1995; Lamb unpublished data) was the emplacement of a laterally extensive extrusive-intrusive basaltic complex (Tambo Tambillo volcanic complex, Hoke et al. 1994a ) which forms sills and volcanic centres with oceanic island basalt characteristics (Davidson & de Silva 1992) in a region of at least 1000 km 2 (Figs 9 & 10) . The significance of this mafic volcanism is discussed below.
M i d -M i o c e n e
In the Early to Mid-Miocene, medium to coarse red-bed sequences were deposited right across the Altiplano basin (Fig. 9 , Totora, Huayllapucara, Corniri and Caquiaviri Formations), resulting in the rejuvenation of the Altiplano basin and nearly a doubling in the sedimentation rate compared to that in the Early Cenozoic (Figs 9 & 10) . Eight kilometres of red-beds were deposited west of Corque, and several kilometres were deposited in the Lake Poopo area between 25 and 9 Ma. Synsedimentary deformation on the eastern margin of the Altiplano basin resulted in progressive folding of these sequences, with relative uplift of the regions even further east (Herail et al. 1993a; unpublished oil company data) . At this time, a very coarse conglomeratic sequence, with clasts of Cretaceous limestone up to a metre in diameter (Fig. 9 , Tambillo Formation), was deposited in the Tambo Tambillo region and most likely derived from uplifted regions to the east. In the Eastern Cordillera, younger sandy and conglomeratic sequences, dated at 17-20Ma, rest with marked angular unconformity on folded Cretaceous and Palaeozoic sequences in the Eastern Cordillera (Fig. 11) , for instance near Cochabamba (Bolivar and Parotani Formations, Gubbels etal. 1993; Kennan etal. 1995) and Potosi (Mondragon Formation, Kennan et al. 1995) , and Tupiza (Nazareno Formation, Herail et al. 1993b ). The angular unconformity indicates shortening throughout the Eastern Cordillera prior to c. 20Ma, concomitant with rapid cooling of granitoid bodies on the western margin of the Eastern Cordillera, and also the rapid deposition in the Altiplano basin. Shortening continued after deposition of the 20Ma sequences, as they are themselves gently folded.
High level shortening in the Eastern Cordillera appears to have a concertina-style, accommodated by kilometre-to tens of kilometre-scale folding and relatively high angle reverse faulting, with changes in vergence. No evidence for nappe-style deformation has been observed. Our examination of the so-called 'Calazaya Nappe' Baby et al. 1992a) on the western margin of the Eastern Cordillera near Uyuni, shows that this structure is an illusion created by the confusing interference of different trends of folding, young strike-slip faults and a pronounced angular unconformity at the base of the Cretaceous sequences.
The nature of the eastern front of the Andes in the Middle Miocene is not clear, though the deposition of Oligo-Miocene coarse conglomerates (Fig. 11 , Petaca Formation, Sanjines & Jimenez 1976; Marshall et al. 1993) in the Subandean Zone suggests some sort of a foreland basin existed.
L a t e M i o c e n e to P I i o c e n e
In the forearc region and Precordillera of northern Chile, at c. 20°S-22°S, Early Miocene ignimbrites define a regional dip slope tilted less than 5 ° towards the west (Fig. 4a) . The only evidence for significant younger deformation in this region is along the Atacama fault, which is a high angle normal fault which offsets Pliocene tufts (Fig. 4a, Naranjo 1987; Dewey & Lamb 1992) , and also on the western margin of the volcanic arc, where high angle normal faults also offset Late Miocene and younger ignimbrites Fig. 16 ) resulted in uplift, erosion and breaching of the Altiplano basin, so that sediment was transported from the Altiplano region into the foreland basin. At the same time, extensive low relief peneplains developed in the Eastern Cordillera, which also ultimately drained into the foreland (San Juan del Oro and other surfaces). There were also widespread eruptions of ignimbrites on the western margin of the Eastern Cordillera (Los Frailes and satellite volcanic fields). Between 5 and 2 Ma, the Altiplano again became an internal drainage basin with the accumulation of generally thin fluvial and lacustrine sequences (,~500 m), with scattered basaltic volcanism. Deformation in the Subandean Zone may have increased river gradients in the Eastern Cordillera, resulting in downcutting and dissection of the San Juan de Oro and other peneplain surfaces (schematic drainage system shown).
and lavas (Fig. 4a) . However, south of 22°S, Late Miocene ignimbrites west of the volcanic arc, have been deformed in a thrust belt in the Salar de Atacama region (Jolley et al. 1990) , though the shortening is probably small ('~5 km). The central part of the Altiplano basin started to shorten internally in the Late Miocene, during a period of a few million years. An angular unconformity, imaged in seismic reflection profiles and exposed near Corque, is overlain by conglomeratic sequences which contain c. 9 Ma volcanic ashfall deposits (Crucero and Pomata Formations, Lamb unpublished data). However, the most intense phase of internal deformation occurred between c. 9 and 5 Ma, when Mid-to Late Miocene sequences (Fig. 9 , Totora, Huayllapucara and Mauri Formations) were tightly folded and cut by thrust faults with displacements of up to several kilometres (Kennan et al. 1995; Lamb unpublished data; unpublished oil company data). Deformed sequences as young as 9Ma are overlain with marked angular unconformity by c. 5Ma ignimbrites (Umala Formation) which are only very gently folded, and c. 3Ma ignimbrites (Perez ignimbrite, Marshall et al. 1992) which are flat lying. The period of intense shortening prior to c. 5 Ma in the Altiplano marks the termination of the main phase of accumulation of sediments in the Altiplano basin. Subsequently, only a few hundred metres of Plio-Pleistocene sediments and volcanics accummulated, except locally in the region west of Oruro where more than a 1000 m may have been deposited ( Fig. 12 ; unpublished oil company data).
In the Eastern Cordillera, regional flat-lying peneplain surfaces (Juan del Oro surface and others) developed since the Middle Miocene, with the local accumulation of sedimentary sequences as old as 12 Ma (McFadden et al. 1990 ). These are currently at altitudes between 2 and 4 km (Fig. 12, Servant et al. 1989; Gubbels et al. 1993; Kennan et al. 1995 Kennan et al. , 1997 . Also, 12 Ma and younger ignimbrites are essentially fiat lying, including the c. 7 Ma extensive ignimbrites of the Los Frailes and satellite massifs in the western parts of the Eastern Cordillera, and c. 3Ma tufts which mantle the remains of peneplain surfaces throughout the Eastern Cordillera (Gubbels etal. 1993; Kennan et aI. 1995) . Dissection of these surfaces occurred in the last 3 Ma, when the present drainage pattern was established. However, there is evidence for conjugate strike-slip faulting in the Eastern Cordillera and Altiplano, which offset Pliocene and younger strata (Dewey & Lamb 1992; Kennan 1994; Kennan et al. 1995; Lamb unpublished data) . These faults are generally spaced at tens of kilometres with individual offsets of much less than 1 km and have accommodated shortening in an approximately east-west direction, with concomitant north-south extension.
In the Subandean Zone, Miocene to Recent sequences up to 5 km thick (unpublished oil company data), deposited in a foreland basin related to deformation in both the Eastern Cordillera and Subandes itself, are intensely folded and faulted in an active thin-skinned fold and thrust belt which has accommodated c. 140km of shortening in the Bolivian bend region (Figs 3, 12, Baby et al. 1992b 
Plio-Pleistocene and active kinematics E a r t h q u a k e m o m e n t release
Diffuse seismicity at depths less than 7 0 k m is found throughout the Central A n d e s as predominantly thrust events (Fig. 5a, b) The total m o m e n t release for crustal events since 1960 accounts for less than 20% of the instantaneous relative plate convergence between the Nazca and South A m e r i c a n plates ( D e w e y & L a m b 1992). This suggests that the bulk of the relative plate convergence on this short time scale is taken up in the brittle crust as elastic and anelastic strain. However, D e w e y & Lamb (1992) suggest that the distribution of m o m e n t release might reflect the longer term part of active deformation on a time scale of tens of thousands to hundreds of thousands of years (cf. Jackson et al. 1995) . The pattern of earthquake m o m e n t release suggests that the relative plate motion has been a c c o m m o d a t e d in two principal zones, along the plate interface offshore and as more distributed deformation much further east in the A n d e s . T h e net shortening direction in both zones is approximately parallel to the relative plate convergence vector (Dewey & Lamb 1992 ). The bulk of shallow seismicity is found offshore near the plate interface (Fig. 5a,  b) , suggesting that 80-90% (68-77 m m a -1) of the active relative plate convergence is absorbed along the plate interface during large events with slip parallel to the relative plate convergence vector (Fig. 6, DeMets Dewey & Lamb 1992 ). The remaining c. 10-20% of the relative plate convergence or c. 8 to 17 mm a -1 of shortening is absorbed in the Andes (Fig. 13) .
H o r & o n t a l k i n e m a t i c s
A distinct zone of shallow thrust earthquakes follows the eastern foothills of the Andes in the Subandean Zone (Fig. 5a ). The geometry of ramp structures on major thrusts (Roeder 1988) , and also the direction of thrusting during earthquakes suggests that thrusting in the northern part of the Bolivian Subandes is nearly orthogonal to the trend of the Subandean Zone (Vega & Buforn 1991; Fig. 13) . Further south (south of the Arica bend), thrust earthquakes have slip directions ranging between orthogonal to the Subandean Zone to essentially parallel to the plate convergence direction (Vega & Buforn 1991; Dewey & Lamb 1992) . In this case, the marked bend in the Subandean Zone in Bolivia implies a divergence in the shortening directions on the eastern margin of this part of the Andes (Fig. 13) . This divergence appears to be accommodated within the Andes by normal faulting, block rotations about vertical axes, and conjugate strike-slip faulting in the Eastern Cordillera such as the Cochabamba Fault System ( Fig. 2 ; Dewey & Lamb 1992; Kennan 1994; Lamb unpublished data) .
Satellite images of the southwestern margin of the Bolivian Subandes, north of the bend where the Andes trend c. NW, show a pronounced NW-trending lineament which appears to offset rivers (Figs 2 & 13, Kennan 1994 ). This suggests young sinistral strike-slip motion, parallel to the general structural trend and at the back of the Subandean Zone in this region. This and fault plane solutions (Vega & Buforn 1991; Dewey & Lamb 1992) suggest that in detail the deformation in the Subandean Zone is partitioned into strike-parallel shear (sinistral strike-slip north of the bend) west of the purely compressional fold and thrust belt.
V e r t i c a l k i n e m a t i c s
If deformation in the Subandean Zone absorbs a significant fraction of the total convergence between the Nazca and South American plates, then this deformation must be kinematically linked to deformation throughout the thickness of the South American lithosphere. There are two end-member models ( Fig. 14): (1) the basal ddcollement in the Subandean Zone extends into a narrow shear zone at depth which cuts the whole thickness of the lithosphere, and the Brazilian shield is effectively being subducted into the mantle beneath the Eastern Cordillera (Fig. 14a) ; or (2) the underthrusting of the Brazilian shield is absorbed by a zone of distributed shortening beneath the undeforming 'lid' of the Eastern Cordillera and Altiplano (Fig. 14b, Isacks 1988; Gubbels et al. 1993) .
If the first model is correct, the Brazilian shield has been subducted into the underlying mantle and one might expect a west dipping Benioff zone beneath the Eastern Cordillera, for which there is no seismic evidence (Fig. 5b) . Also, motion on such a lithosphere-scale thrust might be expected to result in regional tilting of the hanging wall in the Eastern Cordillera. The presence of regional and flat-lying Late Miocene peneplains in this region (Gubbels et al. 1993; Kennan et al. 1995 Kennan et al. , 1997 suggest that such tilting has not occurred. For these reasons, we favour the second model (Fig. 14b) . In this case, 140 km of shortening in the Subandean Zone could generate c. 2 km of surface uplift in this region since the Late Miocene (Kennan et al. 1997) .
Tectonic rotation
Cenozoic deformation in the Bolivian Andes has been responsible for substantial rotations about a vertical axis of crustal blocks, relative to the South American plate. Palaeomagnetic work (MacFadden et al. 1990; Seanlon & Turner 1992; Macedo-Sanchez et al. 1992; Roperch et al. 1993; MacFadden et al. 1995; Lamb unpublished data) has defined three principal domains which can be characterized by particular regional rotations about a vertical axis (Fig. 15a) . Local small block rotations complicate the regional pattern of tectonic rotations. The rotations are observed in Cretaceous to Miocene sedimentary and volcanic rocks, suggesting that all the rotation occurred in the last 20 Ma (Fig. 15b) .
In the north, the Bolivian Andes are characterized by small regional anticlockwise rotations up to 20 ° , observed in Cretaceous to Late Miocene sediments and volcanics, right across the width of the Andes (Fig. 15a , Domain la). Further south, a domain can be defined, also extending right across the Andes, in which regional clockwise rotations up to 20 ° are typical, observed in Cretaceous to Early Miocene sediments (Fig. 15a, Domain 2) . Even further south, there is a domain, which again extends right across the width of the Andes, characterized by regional clockwise rotations up to 40 °, observed in Cretaceous to Late Miocene sediments and volcanics (Fig. 15a,  Domain 3a) .
These three principal domains can be ascribed to along-strike gradients in the shortening in the Subandean Zone, which has resulted in 'bending' of almost the entire width of the Central Andes since the Late Miocene. Shortening in the Subandean Zone at a latitude of c. 17°S in the bend could be as high as 140km (Baby et al. 1993) , while shortening further south near the Argentinian border may be c. 70 km (Baby et al. 1993) . Thus, the average shortening gradient along the length of the Subandean Zone could accommodate a c. 15 ° clockwise regional rotation of the Bolivian Andes further east. Shortening gradients in the Subandean Zone, north of the bend, are poorly documented, but overall there seems to be a reduction in Subandean shortening in Peru, which could accommodate an anticlockwise rotation of the Andes further east.
In the Cochabamba area, in a region c. 100km by 100km, local clockwise rotations, between 20 ° and 45 ° , have been detected in Cretaceous sediments, within the general area of anticlockwise rotations (Fig. 15a, Domain 3b) . These may be related to block rotation accommodated by sinistral strike-slip on ESE-trending faults, active in the Miocene-Pliocene and accommodating the divergence in shortening round the pronounced bend in the Bolivian Andes (Fig. 2, Cochabamba Fault System) .
In general, zones of tectonic rotation can be correlated with the general structural trend. However, regions of anomalous strike orientation, for instance in the Otavi syncline near Potosi, are not always associated with significant Cenozoic tectonic rotation and probably reflect the reactivation of pre-Cretaceous trends, which differ from prevailing Andean trends .
Magmatism
Cenozoic magmatism in the Andes of northern Chile and Bolivia is not just confined to the volcanic arc, but occurs in a region several hundred kilometres wide, behind the arc. However, in contrast to the andesitic-rhyolitic volcanism along the volcanic arc, with its welldefined tectonic setting related to subduction of the oceanic Nazca plate, the origin of the magmatism in a wide region to the east of the arc is unclear.
V o l c a n i c arc
The narrow region of active andesitic arc volcanism follows the 100--150km depth contours of the Benioff zone and coincides with the anticipated melting zone at c. 120km depth where the hydrated mantle wedge above the subducting slab is expected to undergo the transition from amphibolite to eclogite facies metamorphism (Davies & Bickle 1991 ). The precise location of volcanoes in the arc at different times during the Cenozoic has shifted from the Precordillera in the Early Cenozoic to locally up to 70 km east of the volcanic arc in the Miocene. This movement of the arc may reflect both shortening in the forearc and small changes in the geometry (e.g. flattening) of the Benioff zone through time.
Widespread ignimbritic eruptions within the volcanic arc are probably the result of crustal melting, triggered by the introduction of arcrelated mantle melts at high levels in the crust.
A l t i p l a n o a n d E a s t e r n C o r d i l l e r a
Scattered Plio-Pleistocene mafic and potassiumrich volcanic centres are found throughout the Altiplano in a region up to 200 km wide east of the volcanic arc (Fig. 6 , Davidson & DeSilva 1992; Hoke et al. 1993 Hoke et al. , 1994a Hoke & Lamb unpublished data) . Also, a major basaltic extrusive-intrusive volcanic complex of Early Miocene age outcrops throughout the central and eastern Altiplano.
Cenozoic magmatism east of the volcanic arc is also characterized by high-level dioritic and granitoid intrusions and ignimbrites, emplaced during the Late Oligocene to Pleistocene (Everden et al. 1977; Grant et al. 1977; Schneider 1985; McBride etal. 1987; Miller 1988; Lavenu et al. 1989; Kennan et al. 1995; Lamb unpublished data) and found mainly in the western part of the Eastern Cordillera, and also the eastern margin of the Altiplano. Many of the large granitoid bodies in the Cordillera Real and Quimsa Cruz were once thought to be Cenozoic (McBride et al. 1987) . However, recent geochronological and field studies suggest that most, and possibly all of these, have a Carboniferous to Triassic age (McBride et al. 1987; Miller 1988; Kennan et al. 1995; Jones and Lamb unpublished data) .
The origin of the Cenozoic intrusive and volcanic (basalts and ignimbrites) magmatism in the Eastern Cordillera and Altiplano is unclear. We consider two processes: (1) crustal melting due to heating during phases of Cenozoic crustal shortening (shear heating) and/or thermal relaxation after crustal shortening with a tens of million year time lag (England & Thompson 1984) ; (2) mantle melting. We believe that a combination of these two processes explains the observations best, though further ongoing work will test these preliminary conclusions. The timing of deformation and magmatism provides some support for the first model. For instance, a major phase of ignimbritic activity at c. 7Ma (Los Frailes Formation), may be the result of crustal melting during thermal equilibration after the major phase of shortening in the Eastern Cordillera around 25 Ma, with a 10-20 Ma time lag. However, we postulate that the injection of mantle melts into the crust should be considered as an additional factor which triggered crustal melting and ignimbrite eruptions on the western margin of the Eastern Cordillera, as well as generating widespread mafic volcanism in the Altiplano. A mechanism for mantle melting is discussed below.
C o n v e c t i v e r e m o v a l o f the basal p a r t o f the l i t h o s p h e r e
The lithospheric structure of the Andes in Bolivia and northern Chile, inferred from the helium isotopic studies (Fig. 6b) , with a zone of 'thin' lithosphere beneath the Altiplano and part of the Eastern Cordillera, requires a mechanism of lithospheric thinning. We believe that this thinning is a direct consequence of the convective removal of the basal part of the lithosphere, driven by the gravitational instability associated with a growing lithospheric root above a convecting asthenosphere (Houseman et al. 1981; Molnar et al. 1993; Platt & England 1993) . In effect, the thickening of the lithosphere, as a consequence of lithospheric shortening, is counteracted by removal and thermal 'erosion' of the base of the lithosphere. However, it is not clear whether this has occurred gradually or catastrophically.
If a volatile-rich part of the lithospheric mantle (McKenzie 1989) was brought into contact with the convecting asthenosphere as a consequence of convective removal of the base of the lithosphere, a temperature increase sufficient to cause melting could be attained fairly rapidly by heat conduction from the adjacent 'hot' asthenosphere (McKenzie 1989; Platt & England 1993 ). This suggests the following possible scenario for the Central Andes. Shortening in the Bolivian Altiplano, between 10 Ma and c. 5 Ma, accelerated convective removal of the basal part of the lithosphere in this region. This resulted in heating of the mantle metasomatic layer as the basal part of the lithosphere was replaced by 'hot' asthenosphere, triggering the generation of mantle melts at c. 5Ma and the release of mantle volatiles, including helium, in a wide region. We speculate that an earlier phase of widespread mafic volcanism in the central Bolivian A1-tiplano at c. 24Ma (Figs. 7, 9 & 11; Hoke etal. 1993 Hoke etal. , 1994a Hoke & Lamb 1994; Kennan et al. 1995; Lamb unpublished data) may be related to an earlier phase of convective removal of the basal part of the lithosphere.
The model of convective removal of the base of the lithosphere will also cause surface uplift in isostatic response to the detachment of the dense lithospheric root and its replacement with buoyant hot asthenosphere (Molnar et al. 1993; Platt & England 1993) , though as yet we cannot quantify the uplift expected in the Bolivian Altiplano.
Cenozoic crustal thickening
It is clear that there is substantial crustal thickening beneath the Central Andes, compared to the crust further east in the foreland ( Fig. la and c ; James 1971; Wigger et al. 1993; Dorbath et al. 1993; Zandt et al. 1994; Beck et al. 1996) . The history of crustal shortening and magmatism in the Central Andes, outlined in the previous sections, suggests that there has been a long term history of surface uplift in this region since the early Cenozoic from essentially sea level to average elevations of nearly 4000m today (see Fig. 16 ). The approximate crustal cross-sectional area for an east-west section through the Central Andes at 20°S is shown in Fig. lc . If the crustal thickness throughout the Bolivian Andes at the end of the Cretaceous was similar to that in the Brazilian shield today (c. 34 km), then the area of the topography and crustal root is c. 1.7 x 104km 2 (Fig. lc) . The existence of both the Altiplano basin and a substantial foreland basin shows that the shape of the crustal cross-section is partly a consequence of erosion and sedimentation within the Central Andes. The widespread preservation of Cretaceous sequences suggests that Cenozoic erosion has not stripped off more than a few kilometres thickness from the Eastern Cordillera, though this may be greater north of the Arica bend. K/At cooling ages on micas and zircon fission track ages (McBride et aL 1987; Benjamin et al. 1987; Kennan et al. 1995; Lamb unpublished data) from Triassic granitoid intrusives suggest that up to 10 km may have been locally stripped off from the western margin of the Eastern Cordillera. All this suggests that less than 0.1 × 104 km 2 has been removed by erosion from the E -W crustal profile at 20°S (Fig. lc) .
We consider two mechanisms of crustal thickening and their relative roles in contributing to the Andean crustal cross-section: (1) crustal shortening; (2) magmatic addition.
Crustal shortening
If the mass of the Andean crust is preserved, then crustal shortening will result in crustal thickening. If all the crustal root is a consequence of crustal shortening, then for an initial uniform crustal thickness of 34 kin, the crustal cross-section at 20°S (Fig. lc) suggests that c. 500 km of east-west Cenozoic crustal shortening are required. This calculation takes into account erosion but ignores the effects of density changes or crustal material transported into or out of the plane of the cross-section. Also, the crust beneath the Western Cordillera may have been much thicker at the beginning of the Cenozoic as a consequence of its Mesozoic evolution. If we just consider crustal thickening to the east of the Western Cordillera, then this part of the crustal root in Fig. lc could be generated by c. 375 km of shortening in this region.
Estimates of E -W Cenozoic shortening at c. 20°S, based on structural studies, are about 140 km in the Subandean Zone (Baby etal. 1993) and 140+20km in the Altiplano (this study; unpublished oil company data). Sheffels (1990) estimates a minimum shortening in the Bolivian Eastern Cordillera at roughly 18°S of about 140 km based on structural interpretations of the geology. However, Sheffels (1990) ignored the effects of a marked angular unconformity at the base of Cretaceous sequences in this region, so it is open to question whether this a minimum value. If we assume that Cenozoic tilting of Cretaceous strata throughout the Eastern Cordillera is on average c. 35 °, then this tilting alone could accommodate a shortening of c. 30km. Also, the general spacing of major reverse faults with displacements of a few kilometres and truncating Cretaceous sequences, is c. 10km. Thus, reverse faulting would be expected to accommodate at the very least 20 km of shortening across the Eastern Cordillera. In this case, Cenozoic shortening in the Eastern Cordillera is at least 50 km.
If we accept all the above shortening estimates at face value, this suggests a total shortening of about 320km across the Altiplano, Eastern Cordillera and Subandean Zone in the Cenozoic at c. 20°S, or about 85% of that deduced from simple crustal thickness calculations. Cenozoic shortening in the Western Cordillera and forearc has not been quantified, but is very small (<20 km) since the Early Miocene, and is likely to be much less than 100km since the early Cenozoic. Thus, the previous simple estimates suggest that E -W crustal shortening in the Andes at 20°S may not be sufficient to explain all the observed crustal thickness and additional significant mechanisms of crustal thickening cannot be ruled out by.
M a g m a t i s m
There has been widespread magmatic activity throughout much of the Central Andes during the Cenozoic. Extrapolating estimates of the volcanic arc production rate for the last 10 Ma in the Central Andes (Francis & Hawkesworth 1994) , a possible volume of 80km 3 km -1 arc length of mantle melts may have been added to the surface in the volcanic arc during the Cenozoic. Mantle melt addition may be occurring in a wide region behind the arc (Hoke et al. , 1994b . The model of convective removal of the basal part of the lithosphere, described previously (Hoke et al. , 1994b Hoke & Lamb 1994) suggests that basaltic addition to the crust is the result of melting of the lithospheric mantle. This may have happened twice in the Cenozoic, once during the widespread eruption of mafic volcanics in the central Altiplano at c. 24 Ma, and also during the Plio-Pleistocene.
The surface volcanism may only be a small fraction of the total melt addition to the crust. However, the small volume of surface volcanism in the region to the east of the volcanic arc, beneath the Altiplano and part of the Eastern Cordillera of Bolivia, suggests that any subsurface melt additions to the crust here are likely to be less than that beneath the volcanic arc. If we assume that as little as 10% of the total melt addition reaches the surface (Aitcheson et al. 1993) , then up to 800km 3 km -1 arc length of mantle melt may have been added to the crust beneath the arc during the Cenozoic, but less than this in the region further east. This would contribute a crustal root equivalent to a maximum of 50 km of crustal shortening, for an initial crustal thickness of c. 34 km.
The above discussion suggests that mantle melt additions are not the most important mechanism of crustal thickening on a regional scale, probably contributing less than 15% to the total crustal thickening. However, locally beneath the volcanic arc, this melt addition could be important, possibly accounting for as much as 40% of the crustal thickening here.
Summary of Cenozoic tectonic evolution
The Cenozoic tectonic development of the Central Andes in northern Chile and Bolivia is summarised here, based on the previous descriptions of the nature, timing and distribution of sedimentary basins, deformation and magmatism. Five main stages are recognized in what is viewed overall as a continuous evolution of this part of the Andes. These are illustrated by the cartoon diagrams in Fig. 16 .
(1) In the latest Cretaceous (Maastrichtian) and Palaeocene, the Central Andes at the latitudes of northern Chile and Bolivia formed a volcanic arc along what is today the Precordillera in the forearc of northern Chile (Fig. 16a) . Behind the arc, there was a zone of subsidence up to 400 km wide which was at or close to sea level. This formed a wide basin, receiving sediment both from the volcanic arc and also regions in the east. The general axis of this zone of subsidence more-or-less coincides with the region of greatest erosion prior to the Cretaceous, where pre-Cretaceous deformation was most intense and Ordovician and Silurian flysch-type deposits are thickest. This suggests a complex history of alternating pre-Cenozoic basin formation and inversion.
(2) In the Eocene, the Cretaceous backarc basin was inverted and formed a narrow zone of uplift (<100km wide and referred to as the proto-cordillera), along what is today the western margin of the Eastern Cordillera and several hundred kilometres east of the volcanic arc at that time (Fig. 16b) . This-created a basin in what is today the Altiplano, which began to rapidly accummulate sediment derived partly from the uplifting proto-cordillera. Sediment was also shed to the east of the proto-cordiUera into a narrow foreland basin within what is today the Eastern Cordillera. It appears that strike-slip motion was accommodated in a laterally extensive fault system along the volcanic arc, though the sense of shear is uncertain.
Total crustal shortening in the Eocene is probably of the order of a few tens of kilometres, with average elevations in the proto-cordillera of c. 500 m (Fig. 16b) .
(3) By the late Oligocene, the uplifting proto-cordillera had widened. Deformation spread westwards into the Altiplano basin as a west-verging fold and thrust belt, so that deposition was terminated in all but the centre of the Altiplano basin (Fig. 16c) . Deformation also spread eastwards with the development of eastward verging structures (Fig. 16c) . Deformation appears to be thick-skinned involving upright folding and relatively high angle reverse faults. Uplift and rapid unroofing of both the Western and Eastern Cordilleras caused a rejuvenation of the Altiplano basin, with the widespread development of conglomerates derived from both sides of the basin at c. 25 Ma. Deformation in the Eastern Cordillera also spread eastwards with widespread internal folding and the development of a new foreland basin in what is today the Subandean Zone.
At c. 24Ma, there was widespread mantle melting beneath the Altiplano, possibly as a consequence of a phase of convective removal of the basal part of the lithosphere, which had been thickened to a critical point during earlier lithospheric shortening (Fig. 16c) . Also, local intrusions and ignimbrites were emplaced on the western margin of the Eastern Cordillera. By 20 Ma, a number of local fault-bounded compressional basins existed throughout the Eastern Cordillera, accumulating sediments which rest with angular unconformity on older deformed Cretaceous and Palaeozoic sequences. However, the main vergence of deformation appears to have been towards the west.
Total crustal shortening by the Middle Miocene was probably of the order of 200 km, with average surface elevations in the protoAltiplano of c. 2000 to 2500 m (Fig. 16c) .
(4) In the Late Miocene, the pattern of deformation in the Bolivian Andes changed markedly. Deformation essentially terminated in the Eastern Cordillera and was concentrated in the Altiplano region which started to shorten internally, probably around 9 Ma. The intense phase of shortening had ceased by 5Ma. Thermal re-equilibration after Oligo-Miocene crustal thickening on the western margin of the Eastern Cordillera may have triggered a major phase of ignimbritic activity at c. 7 Ma.
Total crustal shortening by the latest Miocene was probably of the order of 250 km (Fig. 16d) .
(5) The cessation, between 9 and 5 Ma, of intense deformation in the Altiplano region may have coincided with the initiation of significant underthrusting of the Brazilian Shield and deformation in the Subandean Zone. Palaeomagnetic data suggest that the main phase of regional rotation about a vertical axis in the Bolivian Andes is younger than c. 8 Ma. Thus, regional shortening gradients in the Subandean Zone since c. 8Ma accommodated a c. 10 ° clockwise rotation of the Eastern Cordillera and Altiplano south of the bend, and a c. 10 ° anticlockwise rotation north of the bend. A local increase in shortening gradients in the Subandean Zone in southern Bolivia seems to have accommodated an even larger clockwise rotation, up to 20 ° , in the same period.
The initiation of important shortening in the Subandean Zone may mark an important change in vergence of deformation in the Bolivian Andes from a pronounced W-verging component prior to 5Ma to essentially Everging subsequently. At this time, the second phase of mafic volcanism in the Altiplano commenced, possibly related to a second phase of convective removal of the basal part of the lithosphere as a consequence of Mid-to Late Miocene thickening. Shortening in the Subandean Zone during this period of c. 140 km brings the estimated total crustal shortening to around 400km, with average surface heights in the Altiplano of c. 4000 m (Fig. 16e) .
Rates of deformation, sedimentation and erosion
The previous description can be used to estimate rates of deformation in the Central Andes, though these estimates have large uncertainties which are difficult to quantify. The general picture is one of increasing rates of deformation towards the present, but on average only a small proportion (< 15 % ) of the relative plate convergence has been absorbed by shortening in the Andes. The bulk of the relative plate convergence has been accommodated by shear near the plate interface. Rates are comparable with those in other wide plate-boundary zones, such as the Central Asian collision zone .
The time-averaged rate of shortening over the entire Cenozoic history of Andean deformation is c. 10mma -1. Shortening strain rates were probably mainly low (c. 2 x 10 -8 a -1) for much of the early Andean deformation history, though increasing by an order of magnitude to c. 2 x 10-Ta -1 in the last 10Ma when deformation was concentrated in the Subandean Zone. Palaeomagnetic data suggests that the bulk of the bending about a vertical axis of the Bolivian Andes also occurred in the last 10 Ma, with rotation rates of 1-4 ° Ma -1.
Fission track age data suggests that average denudation rates have been locally as high as 0.2 mm a -1 on the western margin of the Eastern Cordillera. Likewise, average sedimentation rates in the Neogene range between 0.2 and 0.5 mma ~ in the Altiplano and foreland basins. Surface uplift rates in the Eastern Cordillera and Altiplano are difficult to estimate, but have probably been in the range 0.05-0.2mma -1 during the Cenozoic.
Discussion
The overall picture of the Cenozoic tectonic evolution of the Andes in northern Chile and Bolivia is one of progressive shortening and crustal thickening on the western margin of the South American plate, above the subducting Nazca plate. However, the causes of the way this has occurred are unclear, and any of the following may have played a role: the rate and direction of relative plate motion; nature of the subducted plate; mantle convection; strength inhomogeneities in the overlying South American plate; body forces related to variations in crustal thickness; the distribution of pre-Andean sedimentary basins. The apparent coincidence between the marked acceleration in relative plate convergence rate in the Eocene (Pardo-Casas & Molnar 1987 ) and the onset of deformation in the Bolivian Andes suggests a cause and effect relationship, especially if more rapid subduction results in an increase in average shear stresses on the plate interface. Likewise, another increase in relative plate convergence in the Late Oligocene may be related to the marked increase in tectonic activity in the Bolivian Andes at that time (Pardo-Casas & Molnar 1987; Sempere et al. 1990) . The weak correlation between the long term position of features of the subducted plate (aseismic ridges or age of oceanic crust) and Andean segmentation, suggests that these features do not play a major role in controlling Andean tectonics (Dewey & Lamb 1992) .
We believe that strength inhomogeneties in the overlying plate, which are ultimately related to the thermal history of the South American lithosphere, have also played an important role in determining the tectonic evolution of this part of the Andes. For instance, the development of the proto-cordillera in the Eocene along the axis of the Cretaceous back-arc basin suggests that shortening was localised in a weak zone where the lithosphere was thinnest and possibly warmest, as a consequence of the Cretaceous back-arc extension history. It is also interesting that the depocentre of the Cretaceous basin coincides with the region of most intense pre-Cretaceous folding and erosion. Watts et al. (1995) have shown that there are marked spatial variations in the flexural strength of the lithosphere. They suggest that the most plausible distribution of flexural strength can be described by contours of effective elastic thickness that parallel and increase towards the region of outcrop of the Brazilian Shield and that this variation is a pre-Andean feature (Fig. 17) . In this case, only part of the Bolivian Andes in the 'bend' region rests on flexurally strong lithosphere. The tectonic evolution of this part of the Andes, summarised in Figure 16 , suggests that only in the last 10 Ma have the flexurally strongest parts of the South American lithosphere (elastic thickness > 2 5 k m ) been underthrust beneath the Central Andes, and it is in this period that the distinctive thin-skinned fold and thrust belt of the Subandean Zone developed (Fig. 17) .
We suggest that the impingement of flexurally strong lithosphere in the Brazilian Shield on the eastern margin of the Bolivian Andes in the Late Miocene is causally related to the development of a thin-skinned zone of deformation, though the presence of thick Palaeozoic shale sequences in this region may also have helped to provide a weak drcollement. Prior to the Late Miocene, deformation in what is today the Eastern Cordillera may have been thick-skinned with concomitant deformation of the underlying lower parts of the lithosphere. The development of a major thin-skinned zone of deformation on the eastern margin of the Bolivian Andes in the Subandean Zone also coincides with a marked increase in the rates of shortening in the Andes and also regional bending of the Central Andes about a vertical axis. Thus, it seems that once a thin-skinned fold and thrust belt developed, it absorbed more of the overall shortening budget in the plateboundary zone, compared to the foreland regions further north and south where deformation is thick-skinned, involving basement (Fig. 17) .
Finally, the mechanism of convective removal of the basal part of the lithosphere may have played a role in controlling the style of Andean deformation. Thus, the style of PlioPleistocene and acive kinematics proposed here for the Bolivian Andes (Fig. 14b) , in which the Altiplano appears to have acted as a rigid 'lid' above a deforming lower lithosphere, may be a consequence of thermal weakening of the lower part of the lithosphere as it was replaced by 'hot' asthenosphere during convective removal. Also, surface uplift as a consequence of convective removal would tend to increase body forces on the eastern margin of the Andes, promoting deformation in the Subandean Zone (cf. Molnar et al. 1993) . These effects have yet to be quantified.
